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The preparation of activated carbon from grape seeds was studied by chemical activation with phospho-
ric acid. Grape seeds were pretreated with sulfuric acid to improve wettability and impregnated at dif-
ferent grape seed to phosphoric acid ratios (1:1–1:4). The impregnated grape seeds were carbonized in
a static horizontal furnace at temperatures between 350 and 550 C. Microporous activated carbons with
some contribution of mesoporosity were obtained. The best results in terms of surface area (1139 m2/g)
and mesopore volume (0.24 cm3/g) development were observed for a grape seeds to phosphoric acid ratio
of 1:3 and a carbonization temperature of 500 C. The activated carbon prepared shows granular mor-
phology and an egg shell structure that favors application in liquid phase. The activated carbon was
tested in the adsorption of diuron from aqueous phase. The adsorption rate was measured within the
temperature range of 15–45 C. First and second order rate equations and intraparticle diffusion model
were checked to ﬁt the kinetic data.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Activated carbon (AC) is a carbonaceous material that possesses
a highly developed porosity and as a result of it is commonly used
in a wide range of applications, including the removal of pollutants
by adsorption from liquid or gas phase. A thorough and extended
review on the use of activated carbon in liquid-phase adsorption
has been published by Radovic et al. [1].
The choice of the starting material for the preparation of ACs
depends on availability, cost and purity; the manufacturing pro-
cess and intended application of the product are important consid-
erations as well. The precursors used for the production of ACs are
materials rich in carbon, such as coal, lignite and wood, among oth-
ers. Although coal is a commonly used precursor, agricultural
wastes are in certain conditions a better choice [2]. A variety of
agricultural by-products such as coconut shell [3,4], sorghum grainll rights reserved.
+34 914973516.
larranz).[5], coffee bean husks [6], rubber wood sawdust [7], chestnut wood
[8] and fruit stones [9], have been reported to be suitable precur-
sors for AC due to their high carbon and low ash contents. Agricul-
tural wastes are considered to be a very important feedstock since
they are renewable sources and low cost materials [10]. Thus,
grape seeds represent up to 15% of the solid wastes from the wine
industry. Grape seeds are mostly burnt as fuel and in some extent
used for cattle feed, despite of the fact that they are the source of
oil for human consumption [11,12], this application being so far
minority. Though the use of grape seeds for the preparation of
ACs shows relatively few references for both physical and chemical
activation [13–17], it is a starting material with an interesting po-
tential owing to its granular morphology and its ready availability
in various countries, from winery works. The morphology of the
precursor is of paramount importance when the preparation of
granular AC is intended. This type of AC is much appreciated due
to easy handling and low head loss. In this sense, grape seed can
provide a good balance between these characteristics and other
such as diffusion rate, due to its size and preferential distribution
of the lignocellulosic material in the periphery of the seed.
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vation methods. In the second carbonization and activation of a
precursor material occur simultaneously in the presence of dehy-
drating agents (H3PO4, ZnCl2, H2SO4, and KOH) at temperatures
ranging between 350 and 800 C. The advantages of chemical acti-
vation are low energy cost, since it usually takes place at a temper-
ature lower than that used in physical activation, and high yields
[18]. Chemical activation also leads to a better development of por-
ous structure from some starting materials. H3PO4 has become the
most common chemical activating agent due to its ability to pro-
vide activated carbons with well developed porosity from a wide
variety of starting materials, lower environmental and toxicologi-
cal constrains when compared to ZnCl2 and low working tempera-
ture in comparison to KOH activation. The most important
variables affecting porosity development are the activating agent
to precursor ratio and the activation temperature [19–22].
The high surface area and the surface chemistry of the ACs al-
low them to be used in a wide variety of industrial applications,
some of the most important dealing with the environmental ﬁeld
and, particularly, with water treatment [1,23,24]. Adsorption with
AC is most commonly oriented toward the removal of species
which are recognized as toxic pollutants. In this sense, there is a
growing interest in the treatment of supply water polluted as a re-
sult of agricultural activities. Herbicides such as diuron have been
detected in surface and ground waters at levels that exceed the
health-based standards. Diuron (3-[3,4-(dichlorophenyl)-
1,1dimethylurea]) a substituted-urea herbicide, has been widely
used since the 1950s to control a variety of annual and perennial
broadleaf and grassy weeds, as well as mosses. It has been also
used on non-crop areas such as roads, garden paths and railway
lines and on many agricultural crops such as fruit, cotton, sugar
cane, alfalfa and wheat [25]. Its presence in water has to be care-
fully controlled since it was designated as persistent organic pollu-
tant in EU legislation [26–29]. Among the techniques proposed for
the removal of diuron and other phenylurea herbicides from water
are biological methods, advanced oxidation processes and hydrod-
echlonination [30]. Adsorption represents a fairly competitive
solution in terms of cost and efﬁciency for the treatment of supply
waters.
The aim of this work is to study the feasibility of the preparation
of granular AC from grape seeds using chemical activation with
H3PO4. The potential of the ACs prepared is evaluated in the
adsorption of diuron from water. Equilibrium kinetics is consid-
ered to assess the balance achieved between diffusion conditions,
textural properties and morphology.2. Materials and methods
2.1. Preparation of activated carbon
Grape seeds (GSs) were received from Alcoholera de la Rioja,
Ebro y Duero S.A. (Cenicero, Spain). The characterization of the
GS is shown in Table 1. Pretreated grape seeds (PGSs) were pre-Table 1
Proximate and elemental analyses of grape seeds (%, dry
basis).
Moisture 6.5
Volatile matter 67.4
Ash 1.6
C 56.5
H 7.2
N 2.0
S 0.3pared from air-dryed GS by treatment with 5% (vol) sulfuric acid
for 24 h in order to remove oils and improve wettability. Then, they
were rinsed with water until neutrality and absence of sulfate in
the liquid, dried overnight at 120 C and stored for AC preparation.
Chemical activation was carried out with using phosphoric acid as
activating agent. Samples of 25 g of PGS were impregnated with
100 mL of 7.7 M phosphoric acid solution at 85 C for 2 h under
stirring. After impregnation the samples were dried overnight at
120 C. Carbonization of impregnated samples was carried out in
a static horizontal furnace (4.8 cm i.d., 50 cm length) at tempera-
tures ranging between 350 and 550 C under a continuous
100 mL/min N2 ﬂow. The activation temperature was reached at
10 C/min heating rate and maintained for 2 h. The activated car-
bon samples were cooled under N2 ﬂow and washed with water
under reﬂux for 24 h. The nomenclature for the activated carbons
(ACs) prepared is summarized in Table 2.
2.2. Characterization of samples
Moisture, volatile matter and ash content of GS were deter-
mined by thermogravimetric analysis (TGA) at ﬁnal temperatures
of 105, 850 and 650 C, respectively, using a Mettler Toledo appa-
ratus (TGA/SDTA851e). A ramp of temperature of 10 C/min was
used. Moisture and volatile content were measured under contin-
uous nitrogen ﬂow of 60 N mL/min, whereas an equivalent air ﬂow
was used for ash content determination. Elemental analysis of GS
was performed in a LECO Model CHNS-932 apparatus.
The porous structure of ACs was determined from N2 adsorp-
tion–desorption isotherms at 77 K. The N2 isotherms were ob-
tained in a Quantachrome Autosorb-1 apparatus after outgassing
the samples at 523 K and 103 Torr. The surface area was calcu-
lated by the BET equation within the 0.05–0.30 relative pressure
range. The micropore volume (Vmicro) and the external or non-
microporous surface area (Aext) were obtained by the t method.
The difference between the volume of N2 adsorbed at 0.95 relative
pressure (calculated as liquid) and the micropore volume was ta-
ken as the mesopore volume (Vmeso). Mercury porosimetry mea-
surements were also accomplished using a Carlo ErbaPorosimeter
4000 which allows covering the pore range between 3.7 and
100 nm. Scanning electron microscopy (SEM) was performed in a
Hitachi S-3000 N apparatus to study the morphology of the GC
and ACs. FTIR spectra of the activated carbons were obtained in
the 400–4000 cm1 range using a Perkin–Elmer 1720 Fourier
Transform Infrared Spectrophotometer by the KBr pellet technique
(1.0 mg of activated carbon per 900 mg KBr, resolution 4 cm1, 250
scans). The amount of oxygen surface groups of the ACs was deter-
mined by temperature programmed desorption (TPD), heating
0.1 g of the AC sample up to 1000 C in a vertical quartz tube
under continuous N2 ﬂow of 1 N L/min at a heating rate of 10 C/
min. The evolved amounts of CO and CO2 were analyzed by means
of a non-dispersive infrared absorption analyzer (Siemens, model
Ultramat 22).Table 2
Nomenclature of the activated carbons prepared.
Sample H3PO4:PGS ratio Activation temperature (C)
AC-1-500 1:1 500
AC-2-500 2:1 500
AC-3-500 3:1 500
AC-4-500 4:1 500
AC-3-350 3:1 350
AC-3-400 3:1 400
AC-3-450 3:1 450
AC-3-500 3:1 500
AC-3-550 3:1 550
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Kinetic experiments were performed in a ﬁrst series of runs
where AC samples were contacted at 25 C with aliquots of diuron
aqueous solution of different starting concentrations (24.1–
141.7 lmol/L). In a second series ACs (50 mg) were contacted at
different temperatures (15–45 C) with aliquots of diuron aqueous
solution with a starting concentration of 65.7 lmol/L. The concen-
tration of diuron in the aqueous phase was determined upon dif-
ferent contact times through UV spectroscopy (Shimadzu UV-
1603) at 254 nm, after ﬁltration of the sample. All the adsorption
experiments were carried out in stoppered high-density polyethyl-
ene bottles shaked in a thermostatic orbital incubator at 150 rpm
equivalent stirring velocity. Blanks were performed under the
same conditions without AC.3. Results and discussion
3.1. Chemical activation with phosphoric acid
Table 3 shows the yield and porous structure of the ACs pre-
pared varying the activation temperature and the H3PO4 to precur-
sor ratio. The former did not show a relevant effect on the yield
within the range tested (350–550 C), a slight monotonical de-
crease being observed at increasing activation temperature. How-
ever, this variable exhibited a signiﬁcant inﬂuence on the porous
structure of the activated carbon. A substantial increase of the
BET surface area with the activation temperature was observed
up to around 450 C followed by a plateau-like maximun within
450–500 C region and a further decrease at 550 C. Fig. 1 shows
the different patterns of the N2 adsorption–desorption isotherms
of the activated carbons obtained at different temperatures. The
activated carbons prepared at 350 and 450 C yielded type I iso-
therms, corresponding to a predominantly microporous structure.
Whereas for the rest of the ACs, prepared at higher temperatures,
the isotherms turned to type II with a predominant contribution
of microporosity but a signiﬁcant development of mesoporosity.
Thus, the BET and external surface areas as well as the pore vol-
umes increased notably with temperature within the 350–450 C
range (Table 3). The development of porosity with temperature
was especially signiﬁcant in the mesopore range, giving rise to
external or non-microporous area values representing almost
25% of the total or BET surface area at 450 C activation tempera-
ture. Corcho-Corral et al. [20] have also reported that the use of
temperatures above 500 C in the activation of biomass residues
such as vine shoots with phosphoric acid leads to an intensiﬁcation
of the changes in the structure and surface functional groups,
whereas González-Serrano et al. [22] found a maximum develop-
ment of porosity at activation temperatures around 450 C for lig-
nin based activated carbons. On the contrary, in the activation of
polymeric ﬁbers with phosphoric acid a decrease in the develop-Table 3
Yield and porous structure of the activated carbons prepared.
Sample Total yield (%, PGS basis) Porous structure
SBET (m2/g) Aext (m2/g) V
AC-3-350 52 677 73 0
AC-3-400 51 657 98 0
AC-3-450 50 1111 258 0
AC-3-500 50 1139 269 0
AC-3-550 48 982 178 0
AC-1-500 57 926 147 0
AC-2-500 56 957 215 0
AC-3-500 50 1139 269 0
AC-4-500 48 1026 202 0ment of surface area was observed at activation temperatures
above 400 C [31].
The pore size distribution of the samples within the micropore
and narrow mesopore range was evaluated by the density func-
tional theory (DFT) method using medium regularization [32]. As
it can be seen in Fig. 2, increasing the activation temperature led
to a progressively widening pore size distribution, up to 450 C.
At 550 C a slight decrease of the pore volume within the 1–2 nm
range and an increase of the relative contribution of narrow
micropores were observed, with a higher heterogeneity in the
micropore range.
Looking at these results commented above, an activation tem-
perature of 500 C was selected as the most suitable for the prep-
aration of ACs with potential application in liquid phase
adsorption due to the superior development of mesoporosity and
external area.
The mass ratio of phosphoric acid to PGS showed a signiﬁcant
effect on the activation yield, which decreased from 57% to 48%
when that ratio was increased from 1 to 4 (Table 3). Phosphoric
acid reacts with the char and volatile matter and diffuses quickly
to the outer part of the particles during the activation process.
Therefore, at higher phosphoric acid to PGS ratios the gasiﬁcation
of surface carbon atoms becomes predominant and leads to a de-
crease of carbon yield [33].
The surface area increased with the phosphoric acid to PGS ratio
up to a value of 3:1 of that ratio (Table 3). The pore size distribution
(Fig. 4) slowed also some signiﬁcant changes. All the ACs prepared
at different phosphoric acid to PGS ratios showed a type II nitrogen
adsorption isotherm (Fig. 3) corresponding to predominantly
microporous solids with a signiﬁcant contribution of mesoporosity.
However, as the impregnation ratio is increased from 1:1 to 3:1 the
knee of the isotherm widened indicating a considerable widening
of the porous structure of the resulting ACs, with a higher contribu-
tion of mesoporosity. The mesopore development induced by
phosphoric acid has also been reported by other authors at high
activating agent to precursor ratios [21,22,34,35]. A ratio of 3 pro-
vided optimum results in terms of surface area (1139 m2/g), exter-
nal or non-microporous area (269 m2/g), mesopore volume
obtained by means of both N2 isotherms (0.24 cm3/g) and mercury
porosimetry (0.32 cm3/g) and macropore volume (0.55 cm3/g).
Fig. 4 also shows that the ACs obtained with a phosphoric acid to
PGS ratio from 1 to 3 have the same microporous structure with
an important mesopore contribution. A further increase in the
phosphoric acid to PGS ratio up to 4 led to an AC with a mesopor-
ous structure equivalent to that obtained with ratios of 2 and 3, but
also to a substantial change in the distribution of micropores, with
a predominant pore width around 0.42 nm showing the presence
of ultramicropores. The results suggest that due to the excess of
phosphoric acid can lead to the formation of surface groups located
in the mouths of the pores, leading to the determination of nar-
rower pores through N2 adsorption–desorption technique.meso (cm3/g) Vmicro (cm3/g) Vmeso-MP (cm3/g) Vmacro-MP (cm3/g)
.06 0.30 0.20 0.41
.09 0.28 0.25 0.20
.23 0.48 0.33 0.50
.24 0.49 0.32 0.55
.15 0.47 0.31 0.49
.12 0.41 0.16 0.44
.19 0.54 0.22 0.24
.24 0.49 0.32 0.55
.18 0.51 0.30 0.22
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Fig. 1. 77 K N2 adsorption–desorption isotherms of the ACs obtained at different carbonization temperature for a H3PO4 to PGS ratio of 3:1.
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The increase in carbonization temperature up to 500 C and in
phosphoric acid to PGS ratio up to a value of 3:1 led to an impor-
tant increase in the all the absorption bands, indicating a higher
contribution of oxygen surface groups. The most signiﬁcant bands
observed are those in the 3600–2800, 1600–1400 and 1300–
900 cm1 ranges. According to Gomez-Serrano et al. [36], the
bands at around 3300 and 3250 cm2 are ascribable to vibrations
of hydroxyl groups, whereas the position of the band for non-
bonded alcohols, phenols and carboxylic acids is usually around
3500 cm1. Likewise, the absorption band for CAH vibrations can
be observed in the 3000–2800 cm1 range. The bands between
1600 and 1400 cm1 are usually ascribed to C@C vibrations,
although some overlapping can be found with d (OAH) around
1450 cm1. Finally, the region between 1350 and 900 cm1 is re-
lated to CAO and C@O vibrations. To obtain more detailed informa-
tion on the oxygen surface groups of the ACs prepared, TPD
experiments were carried out for sample AC-3-500. The thermal
decomposition of these groups releases CO and CO2 at different
temperatures depending of their nature, as it has been extensively
described in literature [37,38]. In general, the overall amount of CO
evolved from the ACs was always higher than the CO2 evolved. The
CO2 releasing curves show a signiﬁcant contribution of carboxylicacids and a lower presence of lactones and carboxylic anhydrides
(Fig. 6). Carboxylic acids eliminated as CO2 usually appear between
200 and 240 C, while lactones and carboxylic anhydrides are des-
orbed at higher temperatures. Those peaks are generally centered
at 240–370 C and 410–480 C, respectively. In the case of the oxy-
gen surface groups evolved as CO, it is relevant the majority pres-
ence of phenols and carbonyls. CO desorption takes place at higher
temperatures than CO2. Thus, the desorption of carboxylic anhy-
dride groups is assigned to temperatures between 400 and
560 C, phenols above 600 C, carbonyls at 720–810 C, and qui-
nones at about 850 C.
3.2. Morphology
The morphology of ACs was examined by SEM. The micrograph
in Fig. 7a shows that the chemical activation provided ACs with a
granular morphology, maintaining essentially the shape of the
starting material. This is relevant for liquid phase applications
since it can provide a reduction in head loss. The SEM images of
crushed ACs (Fig. 7b) show that they have an egg shell like struc-
ture with a wall thickness between 200 and 300 lm. Therefore,
the path for diffusion within the activated carbon matrix is rather
short, in spite of the granular morphology with mean diameters of
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Fig. 6. Co2 and CO TPD proﬁles for the sample AC-3-500.
Fig. 7. SEM images of (a) AC-3-500 and (b, c, d) crushed AC-3-500.
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some speciﬁc applications such as catalytic supports and adsor-
bents for liquid phase. In Fig. 7c and b, it can also be observed that
the ACs particles have a homogeneous distribution of channels and
macropores that can provide diffusion paths toward the inner
material, where most of the surface is located.
3.3. Liquid-phase adsorption kinetics
In order to assess the enhanced mass transfer properties associ-
ated to the morphology and porous structure of the ACs prepared,
adsorption kinetic runs were conducted in liquid phase. The sam-
ple AC-3-500 was selected for studying of the adsorption of diuron
fromwater due to its high surface area and the important contribu-tion of mesoporosity, which is an important feature for liquid
phase adsorption. Fig. 6a shows the results from the kinetic exper-
iments at 25 C and different initial concentrations of diuron. Like-
wise, Fig. 8b illustrates the inﬂuence of temperature on diuron
adsorption kinetics at an initial concentration of 65.7 lmol/L. In
all the kinetic runs most of diuron uptake occurred upon the ﬁrst
8 h and beyond that time much slower adsorption was observed
leading to asymptotic behavior. As can be seen, the adsorption rate
increased with the initial concentration of diuron and temperature.
Both pseudo ﬁrst- and pseudo-second-order rate equations
have been widely used to describe adsorption kinetics [39]. In both
simple models, all the steps of adsorption such as external diffu-
sion, internal diffusion, and adsorption are lumped together and
it is assumed that the difference between the average and the equi-
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Fig. 8. Evolution of diuron concentration upon contact time (AC: 1 g/L).
Table 4
Experimental and calculated data for pseudo-second-order kinetic models for diuron
adsorption on AC at different initial concentrations (T:25 C).
C0
(lmol/L)
qe (exp)
(lmol/g)
Pseudo-second-order kinetic model
k2  103
(g/lmol min)
qe (tcalc)
(lmol/g)
R2
24.2 20.5 8.8 22.5 0.998
65.7 61.2 5.2 64.9 0.996
117.5 107.0 2.6 117.4 0.989
141.7 129.1 1.9 140.7 0.998
Table 5
Experimental and calculated data for pseudo-second-order kinetic models for diuron
adsorption on AC at different temperatures (C0: 65.7 lmol/L).
T (C) qe (exp) (lmol/g) Pseudo-second-order kinetic model
k2  103 (g/lmol min) qe (teor) (lmol/g) R2
15 59.3 4.9 58.3 0.990
25 61.2 5.1 65.3 0.999
35 62.3 7.2 64.9 0.999
45 63.5 10.2 65.1 0.999
354 M. Al Bahri et al. / Chemical Engineering Journal 203 (2012) 348–356librium solid phase concentrations is the driving force for adsorp-
tion. The pseudo-ﬁrst-order rate equation is given by:
dq
dt
¼ k1ðqe  qtÞ ð1Þ
The pseudo-second-order rate equation can be expressed as:
dq
dt
¼ k2ðqe  qtÞ2 ð2Þ
where k1 and k2 are the pseudo-ﬁrst and pseudo-second-order rate
constants, respectively; qe is the extrapolated uptake at equilibrium
and qt is the adsorbate uptake at t time. The results obtained by ﬁt-
ting the experimental data to these two equations using Scientist
3.0 software are given in Tables 4 and 5. The discrimination of mod-
els was based on the value of the regression coefﬁcients and on the
predicted values for qe.
Very poor correlation coefﬁcients were obtained for the ﬁrst-or-
der kinetic model, whereas the second-order one yielded frankly
good values of that parameter (see Table 5). The experimentaland predicted qe values were much closer in this second case. Fit-
ting of the experimental data to the second-order rate equation is
shown in Fig. 9 which proves the validity of this simple model ex-
cept at the lower temperature tested (15 C) where some signiﬁ-
cant deviations can be observed in spite of the good correlation
coefﬁcient. The rate constants k2 (Table 4) decreased at increasing
the initial diuron concentration which has also been reported for
other adsorption systems [39–43]. Moreover, it can be observed
that the rate constant increases with an increase of temperature
as well (Table 5). Fontecha Cámara et al. [39] studied the kinetics
of diuron adsorption from water on activated carbon and activated
carbon ﬁber at temperatures between 25 and 40 C. They obtained
pseudo-second-order rate constants values between 0.49  103
and 1.28  103 g/lmol min for the adsorption with activated car-
bon ﬁber (d = 0.009 mm) and powdered activated carbon
(d = 0.03 mm), whereas values between 1.19  106 and 4.20 
106 g/lmol min were observed for granular activated carbons
(d = 0.5–1.0 mm). Therefore, the granular activated carbons pre-
pared in the current work provide adsorption kinetics due to their
unique core shell structure and the homogeneous distribution of
macropores and channels.
The apparent activation energy associated to the adsorption
process, determined from the Arrhenius equation, was 27.7 kJ/
mol (r2 = 0.998), which is of the same magnitude as the values re-
ported by other authors for the liquid phase adsorption of a variety
of solutes. Thus, Cotoruelo et al. [44] estimated activation energy
values around 22.0 kJ/mol for the adsorption of methlylene blue
on activated carbons derived from lignin and Aksu and Kabasakal
[41] reported a value of 8.5 kJ/mol for the adsorption of 2,4-dichlo-
rophenoxy acetic acid from aqueous solution by granular activated
carbon.
Although the pseudo-second order satisfactorily reproduced the
experimental data, that model does not provide mechanistic infor-
mation on the adsorption process. Typically, various phenomena
can control the adsorption rate, the most limiting being related
with diffusion, including external diffusion, boundary layer diffu-
sion and intraparticle diffusion. Thus, the kinetic results were also
analyzed by the intraparticle diffusion model to learn on the
adsorption mechanism. According to this model, the adsorbate up-
take upon time can be expressed by [43]:
qt ¼ kit0:5 þ C ð3Þ
where ki is the intraparticle rate constant value (mol/g min0.5) and C
is a constant related with the thickness of boundary layer. Fig. 10
depict the experimental and calculated values of qt vs t0.5. As can
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Fig. 10. Fitting of the intraparticle diffusion model.
Table 6
Parameters from the intraparticle diffusion model.
Initial concentration (lmol/L) Temperature (oC) C (lmol/g) ki (lmol/g h0.5) R2
24.2 25 0.5 4.7 0.985
65.7 25 4.7 20.8 0.998
117.5 25 6.6 30.1 0.988
141.7 25 10.1 35.0 0.977
65.7 15 1.1 12.0 0.990
65.7 25 3.4 19.0 0.990
65.7 35 1.3 20.1 0.971
65.7 45 1.7 24.9 0.971
M. Al Bahri et al. / Chemical Engineering Journal 203 (2012) 348–356 355be seen, the curves show at least two regions. The ﬁrst linear part
can be attributed to intraparticle diffusion and the second plateau
portion corresponds to the equilibrium-approaching stage. The ﬁt-
ting values of ki and C are given in Table 6. The intraparticle diffu-
sion coefﬁcient increases with the initial concentration and
temperature. The C values were negligible in all the cases, suggest-
ing that intraparticle diffusion was the prevailing rate-controlling
step during the ﬁrst stage of adsorption (up to around 8 h) where
most of the diuron uptake takes place. This result is in agreement
with previous studies [43–45].4. Conclusions
Microporous activated carbons with a signiﬁcant contribution
of mesoporosity were obtained by H3PO4-activation of grape seeds.
Increasing the H3PO4 to grape seeds ratio within the 1:1 to 3:1
range increased the surface area pore size distribution. The best re-
sults in terms of surface area (1139 m2/g) and mesopore volume
(0.24 cm3/g) development were observed for a H3PO4 to grape
seeds ratio 3:1 and an activation temperature of 500 C. The acti-
vated carbons maintained the granular morphology and showed
356 M. Al Bahri et al. / Chemical Engineering Journal 203 (2012) 348–356an egg shell structure, that favors the adsorption rate in liquid
phase application.
The kinetics of diuron adsorption from water by the AC was
studied at different temperatures and solute concentrations.
Among the models applied to ﬁt the adsorption kinetic data, the
pseudo-second-order rate equation enabled a better reproduction
of the experimental results providing an apparent activation en-
ergy of 27.7 kJ/mol. The pseudo-second-order rate constants calcu-
lated are slightly lower than those reported in literature for
powdered activated carbon and activated carbon ﬁber, and larger
than for granular activated carbon, indicating the enhanced mass
transfer provided by the material prepared.
The application of the intraparticle diffusion model showed that
this phenomenon is the only rate-controlling step during the ﬁrst
stage of batchwise adsorption extending up to around 8 h where
most of diuron uptake takes place.
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